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Abstract
Multi-walled carbon nanotubes (MWCNTs) were synthesized on platinum plate electrodes by
the chemical vapor deposition (CVD) method. The MWCNTs synthesized on the Pt plate
(MWCNTs/Pt) electrode were immediately immersed into solutions of glucose oxidase (GOX) to
immobilize these enzymes onto the MWCNTs/Pt electrode surfaces. After the GOX was
immobilized onto the MWCNTs/Pt electrode, a well-defined catalytic oxidation current was
increased from ca. -0.45 V (vs. Ag/AgCl/sat'd KC1), which was close to the redox potential of
flavin adenine dinucleotide (FAD) as a prosthetic group of GOX under physiological pH values.
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Introduction
The first direct heterogeneous electron transfer reactions were demonstrated for cytochrome c and
cytochrome cs by Hill, Kuwana and Niki [1-3]. Since then, direct heterogeneous electron transfer
reactions between proteins (enzymes) and electrodes have been extensively studied to understand
the fundamental features of proteins, and for applications such as biodevices, biosensors and
enzyme-biofuel cells [4-9]. In general, the electron transfer rate of an enzyme on an electrode
surface is slow, or cannot be detected due to the fact that the redox center of the enzyme is deeply
buried within the protein shell. Huge efforts have gone into determining the electron transfer rates,
but success in this area remains limited. Since the re-discovery of carbon nanotubes (CNTs) in
1991, they have been one of the most actively studied materials because of their unique properties
in fundamental studies on atomically ordered materials, and as promising materials for nano-
technological applications [11-15]. CNTs are described as a graphite sheet rolled up into a
nanoscale-tube (single-walled CNTs), and with additional graphene tubes around the core of single-
walled CNT (multi-walled CNTs). These CNTs have diameters in the rang between fractions of
nanometers and tens of nanometers and lengths up to several centimeters with both their ends
normally capped by fullerene-like structures. It is thought that carbon nanotubes can communicate
with redox centers buried deeply within protein shells as molecular wires because of their small
diameters and conductivities. Therefore, electrochemical studies with enzymes at electrodes
modified with CNTs have been conducted. In particular, the electrode reactions of glucose oxidase
(GOX) have been extensively investigated [16-29], because of its application for not only
biosensors but also for glucose biofuel cells.
Herein, we report for the first time observation of catalytic glucose oxidation current, which was
observed near the redox potential of flavin adenine dinucleotide (FAD) as a prosthetic group of
GOX, based on GOX immobilized onto multi-walled CNTs (MWCNTs) on a Pt electrode surface.
2. Experimental
2.1. Materials
Glucose oxidase (GOX, EC 1.1.3.4, from Aspergillus niger, 12 units mg1, Tokyo Chemical
Ind. Co., Japan) was used as received. D-Glucose of analytical grade was used as substrates for
GOX. Water was purified with a Millipore Milli-Q water system. All other reagents used in this
study were of analytical grade.
2.2. Instrumentation
XPS measurements were performed using a Thermo VG Scientific, Sigma Probe HA6000II.
Raman spectra were observed using JASCO Raman spectrometer NRS-3100. TEM
characterization was performed with a JEOL-2000FX electron microscope at an acceleration
voltage of 200 kV.
The electrochemical measurements were carried out in a three-electrode cell. Cyclic
voltammetric measurements were performed in a phosphate buffer solution (\i = 0.1, pH 7.0) using
an electrochemical analyzer (Bioanalytical Systems, BAS 100B/W). An Ag/AgCl (saturated KC1)
electrode and a platinum electrode were used as the reference and counter electrodes, respectively.
All potentials are reported with respect to the Ag/AgCl (saturated KC1) electrode. A working
electrode was connected to an electrochemical cell using an O-ring. Prior to the cyclic
voltammetric measurements, the buffer solution was deaerated with high purity nitrogen, and a
positive pressure of nitrogen was kept over the solution during electrochemical experiments.
2.3. Carbon nanotubes synthesis on Pt plate electrode surface
Carbon nanotubes (CNTs) was synthesized on a platinum plate (99.98 %, 20 x 20 x 1 mm) by
the chemical vapor deposition (CVD) method using iron nanoparticles derived from ferritin
molecules [30,31]. The synthesized CNTs were characterized by Raman spectroscopy and TEM.
Two Raman shift peaks corresponding to G- (ca. 1580 cm"1) and D-bands (ca. 1350 cm"1) were
observed on the platinum electrode surface after the synthesis of the CNTs, as shown in Fig. la,
which indicated that CNTs were present on the electrode surface. Fig. lb shows a typical
transmission electron microscopy (TEM) image of CNTs synthesized on the Pt plate. The
diameters of individual CNTs were evaluated to be ca. 5 to 10 nm, which could be classified as
multi-walled CNTs (MWCNTs). Immediately thereafter, the MWCNTs on the Pt plate
(MWCNTs/Pt) electrode were immobilized into enzyme solution to protect against surface
contamination of the MWCNTs/Pt electrode in air.
2.4. Immobilization ofGOX onto MWCNTs/Pt electrodes
A MWCNTs/Pt electrode was immersed into a phosphate buffer (pH 7, \x = 0.1) of 560 units
ml1 GOX for 12 hours to immobilize the GOX onto its surface, and then rinsed with buffer solution
to remove any unimmobilized GOX. After the immobilization procedure, X-ray photoelectron
spectroscopic (XPS) measurements showed a N(ls) peak at 400.5 eV for GOX immobilized onto
MWCNTs/Pt electrodes. The N(ls) peak was not observed before the modification. Furthermore,
C(ls) peaks at ca. 289 and 287 eV corresponding to C-N and C-0 functional groups, respectively,
were observed after the enzyme modification [32]. These results clearly indicated that GOX were
immobilized onto the MWCNTs/Pt electrode surface.
3. Results and Discussion
Figs. 2a and b show typical cyclic voltammograms at Pt and MWCNTs/Pt electrodes in the
presence and absence of glucose. No catalytic current was observed at either electrode. No catalytic
oxidation current was observed at GOX immobilized Pt electrode. In contrast, a well-defined
catalytic oxidation current was observed from ca. -0.45 V (vs. Ag/AgCl/sat'd KC1) at the GOX
immobilized onto the MWCNTs/Pt electrode, as shown in Fig. 2c. Furthermore, substrate
selectivity was observed. No catalytic oxidation current was observed in the presence of mannose
or galactose. The potential that catalytic current increased was close to the redox potential of flavin
adenine dinucleotide (FAD) as a prosthetic group of GOX under physiological pH values. Thus,
the catalytic oxidation current would be due to the direct electron transfer reaction of GOX and the
MWCNTs/Pt electrode, as shown in the following equation (Eq. 1):
GOX (FAD) + glucose > GOX (FADH2) + gluconolactone
GOX(FADH2) > GOX (FAD) + 2e" + 2H+
(1)
where GOX(FAD) is GOX with the oxidized form of FAD and GOX(FADH2) is GOX with the
reduced form of FAD. The direct electron transfer reactions of GOX at CNT-modified electrodes
have been reported in previous papers [18,20]. However, a catalytic glucose oxidation current
increased to near the redox potential of FAD, like this study, has not been reported previously. The
bioelectrocatalytic current due to the direct electron transfer reaction of GOX can be described as
follows.
When dioxygen is leaked in the electrochemical cell chamber, the GOX reacts with dioxygen
and gives rise to hydrogen peroxide, as shown in the following reaction (Eq. 2):
GOX (FAD) + glucose > GOX (FADH2) + gluconolactone
GOX(FADH2) + O2 > GOX (FAD) + H2O2
(2)
Some glucose sensors monitor the GOX reaction by detecting the hydrogen peroxide produced [33-
36]. To clarify that the observed catalytic oxidation current was not due to the generated hydrogen
peroxide by GOX, the effects of hydrogen peroxide on the MWCNTs/Pt electrode were
investigated. An oxidation current based on hydrogen peroxide from -0.45 V was not observed at
either MWCNTs/Pt or GOX immobilized MWCNTs/Pt electrodes, when hydrogen peroxide was
added to the buffer solution. Hydrogen peroxide was not oxidized in the potential range from -0.5
to 0 V at a pH 7 at the GOX immobilized MWCNTs/Pt electrode, although a reduction peak of
hydrogen peroxide on the electrode was observed around -0.2 V, as shown in Fig. 3a. Furthermore,
upon immersing the GOX immobilized MWCNTs/Pt electrode into a buffer solution in the presence
of glucose under oxygen, a reduction peak of hydrogen peroxide generated by GOX was observed
at around -0.2 V, as shown in Fig. 3b. These results clearly indicated that the observed catalytic
oxidation current was not due to the hydrogen peroxide generated by GOX.
Recently, Compton and coworkers mentioned that metal impurities contained in CNTs as
synthesis catalysts can act as electrocatalysts [37]. Iron and its oxidized species were present on the
MWCNTs/Pt electrode, and therefore we investigated the possibility that the observed catalytic
oxidation current on the GOX immobilized MWCNTs/Pt electrode was due to iron nanoparticle
impurities. In cyclic voltammetric investigations on the MWCNTs/Pt electrode in a phosphate
buffer (pH 7) solution, peaks based on iron impurity species were not detected. Furthermore,
binding energy peaks corresponding to Fe(2p), which were observed before the MWCNTs synthesis
were not detected by XPS measurements, except for those peaks corresponding to carbon and
platinum. To eliminate MWCNTs on the MWCNTs/Pt electrode, heat treatment was performed at
900 °C for 60 min under air. After the heat treatment process, G- and D-band peaks corresponding
to MWCNTs were not detected by Raman spectra measurements. On the surface of the heat-treated
MWCNTs/Pt electrode, XPS peaks around 712 and 725 eV corresponding to Fe(2p) were observed
[32]. These facts indicated that iron nanoparticles were present on the surface of the MWCNTs/Pt
electrode, but these surfaces of iron nanoparticles were electrochemically inactive, because the
nanoparticles were enclosed with MWCNTs. Furthermore, on the heat-treated MWCNTs/Pt
electrode, no oxidation and reduction responses for glucose were observed from the result of the
cyclic voltammetric investigation. These results indicated that the observed catalytic oxidation
current at the GOX immobilized MWCNTs/Pt electrode was not due to iron nanoparticle impurities.
Based on the discussion described above, we carefully concluded that the obtained catalytic
oxidation current observed in Fig. 2c was based on direct heterogeneous electron transfer reactions
between GOX and the MWCNTs/Pt electrode.
4. Conclusions
On the GOX immobilized MWCNTs/Pt electrode, a well-defined catalytic glucose oxidation
current was increased from ca. -0.45 V. We therefore concluded that the observed catalytic
oxidation current was based on direct heterogeneous electron transfer reactions between GOX and
the MWCNTs/Pt electrode.
Further investigations concerning both the interactions between enzymes and MWCNTs and
direct heterogeneous electron transfer reactions are underway to develop sensor applications and
glucose-oxygen biofuel cells.
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Table and Figure Captions
Fig. 1 Raman spectrum for MWCNTs grown on a Pt plate (a), and their TEM image (b).
Fig. 2 Typical cyclic voltammograms at bare Pt (a), MWCNTs/Pt (b), and GOX immobilized
MWCNTs/Pt (c) electrodes in a phosphate buffer (pH 7) solution in the presence (solid lines) and
absence (broken lines) of 5 mmol dm'3 glucose. Potential sweep rate: 5 mV s"1. Electrode area: 0.25
cm"2.
Fig. 3 Cyclic voltammograms at a GOX/MWCNTs/Pt electrode in a phosphate buffer (pH 7)
solution in the presence (a) and absence (c) of 5 mmol dm'3 hydrogen peroxide, and in the presence
of 5 mmol dm'3 glucose under oxygen (b). Potential sweep rate: 5 mV s1. Electrode area: 0.25 cm2.
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